INTRODUCTION
Among seed plants, the unique life history stage between pollination and fertilization, the progamic phase, has been a focal period of reproductive innovation. In angiosperms a large number of structural and developmental modifications to the fertilization process are associated with the origin of an extremely short progamic phase relative to the plesiomorphic seed plant pattern (Williams, 2008) . These include both abbreviation and acceleration of male gametophyte ontogeny and the origin and evolution of novel female tissues that could facilitate rapid pollen and pollen tube development. Understanding the origin of the closed carpel, the feature that gives angiosperms their name and which gives rise to a novel internal pollen-tube pathway, also requires understanding the evolution of the pollen tube and its growth pattern (Williams, 2009) . Fortunately for comparative biology, there is much variation in both pollen and carpel development among living early-divergent flowering plant lineages. Aquatics are especially interesting because they appear to have undergone the most extreme accelerations of the fertilization process (Williams, 2009) . Nymphaeales (Cabombaceae, Nymphaeaceae, Hydatellaceae; APG III, 2009 ) is an ancient aquatic lineage that in most recent analyses is sister to all angiosperms except Amborella trichopoda Baill. (Amborellaceae: Jansen et al., 2007; Moore et al., 2007; Saarela et al., 2007 ; see also Soltis et al., 2009) . Studies of the pollination to fertilization process are restricted to Nymphaea capensis Thunb. var. zanzibariensis (Casp.) Verdc. (Orban & Bouharmont, 1995) and Brasenia schreberi J.F.Gmel. and Cabomba caroliniana A.Gray (Taylor & Williams, 2009) . In these and Nuphar polysepala Engelm. (Williams, 2008) , the progamic phase is strikingly short, less than 8 h in duration. However, there is much variation in pollen tube growth patterns and in the type or degree of carpel closure in the group (Igersheim & Endress, 1998; Endress & Igersheim, 2000; Endress, 2005) .
Nymphaeaceae are characterized by having open, ascidate carpels that become partially sealed late in development by interlocking of the inner surfaces of a short region of the upper carpel ('partial postgenital fusion at the periphery', Igersheim & Endress, 1998; Endress & Igersheim, 2000) . Such peripheral fusion represents an origin of true angiospermy (complete carpel closure) independent from its origin(s) within the major lineages of monocots, eudicots and eumagnoliids (Endress & Doyle, 2009 ). Most early-divergent angiosperms, including Amborellaceae, Cabombaceae and Hydatellaceae, have completely open carpels that are sealed by secretions and, hence, are not expected to have solid pollen-tube pathways (Endress & Igersheim, 2000; Rudall et al., 2007) . The consequence of the origin of true carpel closure in Nymphaeaceae is that pollen tubes had to evolve, or to have already possessed, the ability to grow through solid tissue, either in the zone of postgenital fusion or in carpel ground tissue, to reach ovules.
There are numerous reports on carpel structure within Nymphaeaceae, but only a single study has shown pollen tube growth (Orban & Bouharmont, 1995) . Detailed studies of the nature of the pollentube pathway, pollen tube growth patterns and especially pollen tube growth rates for a number of species are needed in order to answer the specific question of what role pollen tube growth patterns played in the origin of carpel closure in this ancient angiosperm lineage.
Nymphaea L. is the largest (45-50 spp. in five subgenera) and most widespread genus in Nymphaeaceae . Recent studies show it to be paraphyletic, with subgenus Nymphaea sister to a clade comprising the other four subgenera of Nymphaea plus Ondinea Hartog. and the clade Euryale Salisb./Victoria Lindl. , 2009 Borsch, Löhne & Wiersema, 2008) . Nymphaea plus these three genera have been referred to as core Nymphaeaceae (Borsch et al., 2008) . Morphological analyses support the sister relationship between subgenus Nymphaea and the rest of core Nymphaeaceae (Borsch et al., 2008; Taylor, 2008) and there are differences in floral biology and probably also of breeding system (Wiersema, 1988) . Little is known of progamic phase biology in any of these groups apart from the greenhouse study of N. capensis within the pantropical subgenus Brachyceras (Orban & Bouharmont, 1995) .
Nymphaea odorata Aiton is a perennial aquatic that is widely distributed across North America (Wiersema & Hellquist, 1997) and placed within the northern temperate subgenus Nymphaea . The goal of this study is to characterize functional aspects of the carpel related to the pollentube pathway, pollen germination, pollen tube growth rates and fertilization timing in N. odorata in its native environment. We discuss such details in light of recent studies of ancient flowering plant reproductive biology and the origin of angiospermy.
MATERIAL AND METHODS
Experimental pollinations and collections of Nymphaea were conducted in June 2008 at Monterey Lake, Putman County, TN, USA (36°06′N 85°14′E; elevation 566 m). Female-phase flowers were covered with bridal veil fabric (gap diameter Յ 200 mm) in the early morning prior to flower opening in order to prevent natural pollination. Stigmas of open femalephase flowers were artificially pollinated by brushing a dehiscent anther (collected from a distant malephase flower) across its surface. Pollinated flowers were tagged and re-bagged, then collected and fixed at 5, 10, 15, 30 or 60 min after pollination (map) or at 30-min intervals thereafter up to 6 h after pollination (hap). The gynoecium was removed and fixed for 24 h in either 3:1 (95% ethanol:glacial acetic acid); FAA (40% formaldehyde, glacial acetic acid, 95% ethanol) or Karnovsky's fixative [50% gluteraldehyde and 16% paraformaldehyde in 0.2 M phosphate buffer (pH 7.4)]. Specimens fixed in 3:1 and FAA were rinsed and stored in 70% ethanol, whereas those fixed with Karnovsky's fixative were washed four times in phosphate buffer, dehydrated in a graded ethanol series and then stored in 70% ethanol.
For analysis of pollen tube growth, carpels fixed in 3:1 were hand sectioned and stained overnight with aniline blue (AB) (methods in Williams, 2009). Pollen tube length was calculated as the distance from the pollen grain (or in some cases the proximal zone of the stigma) to the tip of the longest pollen tube (or leading clump of pollen tubes) within a carpel. Pollen tube growth rates were only measured on leading pollen tubes that could be followed for their entire length. Growth rate was measured as length divided by the time since pollination minus 15 min (the empirically determined time needed for sufficient pollen germination; see Results). Pollen tube nuclei were visualized with 4′-6-diamidino-2-phenylindole (DAPI).
For histological analysis, carpels were dehydrated to 95% ethanol and then infiltrated and embedded in JB-4 polymer (Polysciences Inc., Warrington, PA, USA). Blocks were serial-sectioned with glass knives on a Sorvall Dupont JB-4 microtome (Newtown, CT, USA). Serial sections (5 mm) were stained with toluidine blue (TBO) and viewed with a Zeiss Axioplan 2 compound microscope with Axiocam digital camera or a Leitz Laborlux 11 compound microscope with a Sony HDV 1080/mini DV digital camera.
RESULTS

FLORAL BIOLOGY
Flowers of Nymphaea odorata are protogynous. On the first day of anthesis, flowers are partially open with abundant stigmatic fluid and immature anthers (Fig. 1A) . In second-day flowers, stigmatic fluid is Figure 1 . Floral biology of Nymphaea odorata. A, first-day of flower opening (female phase). Sepals (se) are reflexed, whereas inner petals (pe) and stamens form a protected chamber. Anthers (a) are non-dehiscent and the stigmatic cup is filled with stigmatic secretions. Bar, 1 cm. B, second-day flower (male phase) showing fully reflexed petals and dehiscence of inner, but not outer, anthers (a) (note foraging bee, Apis mellifera). Bar, 1 cm. C, hand section through female-phase flower showing stamens (st) surrounding the stigmatic cup formed by the upper (stigmatic) surface of the syncarpous gynoecium. The receptive surface of the stigma (between arrowheads) extends from the base of the carpellar appendages ('stylar processes;' sp), to the floral apex (asterisk) and receptacle (r). Each of the many separate ovarian cavities (oc) contains many ovules. Bar, 1 cm. D, close-up of stigmatic cup of female-phase flower filled with stigmatic fluid up to bases of stylar processes. Radial slits (rs) mark lines of postgenital fusion of inner margins of each carpel, whereas the base of each stylar process delineates a single carpel (between two asterisks); fa, floral apex. Bar, 1 mm. absent (Schneider & Chaney, 1981; Wiersema, 1988) and the innermost anthers are dehiscent shortly after flower opening, whereas outermost anthers do not open until the third day (Fig. 1B) . The upper, outer margin of each carpel extends to form a 'stylar process,' which is erect during the female phase (Fig. 1A , C) and then arches over the stigmatic cup during the male phase (Fig. 1B) . On each day of anthesis, flowers open at approximately 09:00 h, then close and submerge between noon and 14:30 h. Malephase flowers open slightly earlier than female-phase flowers each day. Honey bees (Apis mellifera L.) were the predominant pollinators present but were mostly seen collecting pollen from second-and third-day flowers (Fig. 1B) . Flowers are often visited, sometimes by many bees at a time, and visitation is heaviest mid-morning.
The gynoecium is eusyncarpous; carpels of N. odorata are congenitally fused early in development and at maturity only a small intercarpellary gap delineates adjacent carpels (Moseley, 1961) . The conjoined carpels radiate from a central receptacle (Fig. 1C, D) and their upper walls form a cup-shaped platform that on first-day flowers is filled with stigmatic fluid up to the bases of stigmatic processes (Fig. 1D ). The entire surface of the stigmatic cup beneath the fluid, except for the floral apex, is covered by uniseriate, multicellular papillae (see Capperino & Schneider, 1985) . The surface is marked by a series of radial depressions and at the bottom of each is a radial slit (Fig. 1D ) that marks the site of postgenital fusion of upper, inner carpel margins (Moseley, 1961; Igersheim & Endress, 1998; Schneider, Tucker & Williamson, 2003; Hu et al., 2009 ).
POLLEN TUBE GROWTH AND POLLEN-TUBE PATHWAY
Pollen grains are bicellular in dehiscent anthers and upon arriving on the stigma ( Fig. 2A) . Pollen of Nymphaea is zonosulcate and has a large aperture area. At germination, the inner wall of the pollen grain is strongly thickened by callose deposits which extend out from the aperture to the callosic inner wall of the pollen tube ( Fig. 2A, B ). Pollen germinates both on and beneath the surface of the stigmatic fluid. Low levels of pollen germination were observed at 5 and 10 min after pollination, 50% of maximum germination was reached 20-30 map and maximum germination (c. 90%) first occurred between 45 and 60 map (Fig. 3) .
Pollen tubes grow freely in stigmatic fluid, not along papillar or epidermal cell surfaces. Multicellular papillae emerge from an epidermal layer that is underlain by a few distinct layers of periclinally oriented cells with wide intercellular spaces (Fig. 2C ). Pollen tubes grow downward between papillae to enter the subdermal region (Fig. 2D ). The subdermal region is a substigmatic transmitting tissue. It is much thinner in distal regions of the stigma (near adjacent carpel; Fig. 2C ) than in proximal regions (near the radial slit; Fig. 2E ). Pollen tubes entering distal regions sometimes fail to continue development, but generally pollen tubes entering the substigmatic transmitting tissue turn sharply towards the zone of postgenital fusion, growing in wide intercellular spaces (Fig. 2E) . This substigmatic portion of the transmitting tract (Orban & Bouharmont, 1995; Igersheim & Endress, 1998 ) is composed of small and long, densely cytoplasmic cells that seem to mechanically direct pollen tubes toward the zone of postgenital fusion.
At the bottom of each radial depression the papillate carpel margins meet to form the radial slit and have become developmentally interlocked such that the ovarian cavity is sealed off by a solid carpel wall (Fig. 4A, B) . However, within the zone of postgenital fusion cells are small and densely cytoplasmic and there is evidence of small intercellular spaces (Fig. 4B, C) . While doing hand sections, carpels could be easily pulled open along this plane of fusion, indicating that cells are only weakly interlocked. Pollen tubes turn abruptly downward when they reach the zone of postgenital fusion, following the contours of individual cells within narrow intercellular spaces (Fig. 4B, C) .
Near the bottom of the zone of postgenital fusion, the inner margins of the carpel gradually become apparent as two appressed, single-layered epidermal surfaces that separate to form a secretion-filled 'stylar canal' (Fig. 4D ). This thin upper extension of the ovarian cavity is evident from near the receptacle to the outer carpel margin (Fig. 5) . In most carpels, pollen tubes wander freely within secretions of the stylar canal and ovarian cavity until nearing a micropyle of an ovule, then turn sharply to enter (Fig. 4A) . In a few carpels, pollen tubes in the stylar canal followed the epidermal surface of carpel wall closely before turning to grow freely through secretions in the upper ovarian cavity.
The pollen-tube pathway ranges in length from 2.04 to 6.30 mm, depending on the width of the stigmatic surface and the depth of the ovary (Fig. 5) . Pollen tubes are first seen entering substigmatic transmitting tissue at 1 hap (Fig. 6 ). After passing through the stylar canal, pollen tubes are first observed in the ovarian cavity at 2 hap, entering upper ovules at 2.5 hap and reaching ovules in the bottom of the ovary at 3 hap (Figs 5, 6 ). In some carpels in which an upper ovule had been penetrated, other pollen tubes could be seen at the bottom of the ovarian cavity without having penetrated ovules. By 5 hap, the majority of ovules throughout the ovary are penetrated. 
POLLEN TUBE GROWTH IN NYMPHAEA (NYMPHAEACEAE) 585
Mitosis of the generative nucleus to produce two sperm nuclei occurs while pollen tubes grow within the substigmatic or postgenitally fused areas, from 2 to 2.5 hap (Fig. 4E) . Callose plugs are first observed 1.5-2.5 hap and are clearly evident by 3.5 hap (Fig. 4F) . Although pollen tubes often reach the upper ovules before callose plugs first form, a plug is almost always present at the sharp bend that most tubes make as they enter the micropyle of an ovule (Fig. 4A) . Plugs are much more common in tubes growing in secretions of the ovarian cavity than in tubes growing within transmitting tissues or along the inner surface of the carpel wall.
Mean (± SD) growth rate of the leading pollen tube (where entire pollen tube was observed) was 1066 ± 548 mm/h (range: 332-3007 mm/h; N = 78). Mean (± SD) growth rates of leading pollen tubes within different portions of the pathway (see The sequence and timing of female and male flowering phases reported here are consistent with the study of N. odorata in Texas by Schneider & Chaney (1981) . There is no overlap of male and female phases in N. odorata and this also seems to be true for other temperate zone Nymphaea spp. (Capperino & Schneider, 1985; Wiersema, 1988) . Male phase begins with dehiscence of inner anthers on second-day N. odorata flowers. In contrast, in at least two tropical species of Nymphaea the outer anthers open first and they open on first-day flowers (Prance & Anderson, 1976; Orban & Bouharmont, 1995; Endress, 2001) .
The honeybee, Apis mellifera, was by far the most common insect visitor to flowers, but Schneider & Chaney (1981) viewed this non-native bee as a relatively ineffective pollinator of N. odorata as it primarily visited male-phase flowers to collect pollen. However, transfers from male-to female-phase flowers by the honeybee were frequent in the related N. mexicana Zucc. (Capperino & Schneider, 1985) .
Pollen is bicellular in N. odorata, as also reported for N. alba L., N. colorata Peter, N. heudelotii Planch., N. rosea Sweet and N. tuberosa Paine (Schnarf, 1929; Corriveau & Coleman, 1988; Van Miegroet & Dujardin, 1992; Zhang, Liu & Sodmergen, 2003) . Both bicellular and tricellular pollen have been reported in N. stellata Willd. (Brewbaker, 1967) , whereas tricellular pollen has been reported in a number of core Nymphaeaceae (see Endress & Doyle, 2009: 59) . It is not clear whether such reports represent independent evolutionary origins of tricellular pollen or are attributable to developmental variation (Lora, Herrero & Hormaza, 2009) or to errors of interpretation. Brewbaker (1967) suggested that tricellular pollen was advantageous in aquatic plants because of its rapid germination. However, rapid germination also depends strongly on pollen hydration status. For example, the highly hydrated pollen of aquatic Cabombaceae is bicellular and germinates with the same rapidity as that of N. odorata (Taylor & Williams, 2009 ). Although we did not measure hydration status directly, callose inner walls of pollen grains at dispersal ( Fig. 2A, B) are one indicator of rapidly germinating, well-hydrated pollen (Franchi et al., 2002) .
THE CLOSED CARPEL AND POLLEN-TUBE PATHWAY
The internal pollen tube transmitting tract, from stigma to ovule, is a functional innovation generated by angiospermy, or closure of the carpel. Among earlydivergent angiosperms, true closure of the carpel occurs by postgenital fusion of inner epidermal surfaces; it originated once in the common ancestor of Nymphaeaceae and one or more times within ancient monocots, eudicots and eumagnoliids (Endress & Doyle, 2009) . Syncarpy, the joining of adjacent carpels to each other, also originated in the common ancestor of Nymphaeaceae (Endress & Doyle, 2009) . Syncarpy in N. odorata is by lateral fusion of adjacent carpel primordia early in development (i.e. congenital, not postgenital, fusion; Moseley, 1961; Hu et al., 2009 ).
Angiospermy and syncarpy are two homoplasious traits that have been described as major innovations within the main lineages of angiosperms (Endress, 1982 (Endress, , 2001 Armbruster, 2002) and our study points to some of the consequences of early experiments in carpel closure and joining for pollen tube growth.
It has been estimated that 93% of phylogenetically derived angiosperm species with multicarpellate gynoecia are syncarpous (Endress, 1982) and most forms of syncarpy cause pollen tubes from separate stigmas or stigmatic lobes to meet and then compete within a common internal transmitting tract (Endress, 1982; Armbruster, 2002) , an internal compitum (Carr & Carr, 1961) . This is not the case in Nymphaea and other core Nymphaeaceae where syncarpy instead produces an extragynoecial compitum, the fluid-filled stigmatic cup. The extragynoecial compitum of core Nymphaeales, and probably also of the sister group Barclaya Wall. (Williamson & Schneider, 1994) , allows pollen tubes to access any one carpel from the stigma but does not produce a shared internal pollen-tube pathway. This is an advantage over syncarpy in the outgroup Nuphar (sister to the rest of Nymphaeaceae), in which carpel joining also produces a stigmatic platform but not a pool of stigmatic fluid; narrow stigmatic crests on each carpel are completely separate from each other. The rest of Nymphaeales are apocarpous, such that spaces between separate carpels prevent crossing over of pollen tubes between stigmas.
The structure of the internal pollen-tube pathway of N. odorata is heterogeneous. First, pollen germinates and pollen tubes grow freely within stigmatic secretions. The whole upper surface of each carpel is covered with a dense field of uniseriate, multicellular papillae and functions as a secretory stigma (Igersheim & Endress, 1998) . A distinct secretory subdermal tissue, consisting of several layers of loosely packed cells running parallel to the stigmatic surface, underlies the papillate stigma. Pollen tubes enter the substigmatic transmitting tissue growing within intercellular secretions, turn sharply and then are mechanically directed towards the postgenitally fused radial slit. Pollen tubes turn abruptly downwards in this distinctly different portion of the transmitting tract, which consists of interlocked cells with much narrower intercellular spaces than seen in the substigmatic transmitting tissue. In both the substigmatic and postgenitally fused portions of the transmitting tract, pollen tubes never enter adjacent ground tissues. As they exit the zone of postgenital fusion, pollen tubes do not follow inner epidermal surfaces of the ovary to the funiculus and outer integument of the ovule, but instead wander freely within secretions until they near an ovule, then they turn sharply and grow into the micropyle. Moseley (1961) described pollen tubes of N. odorata and N. tetragona Georgi following epidermal surfaces of the stylar canal into the ovary, but in our material it was far more common to see pollen tubes growing entirely free from morphological surfaces as soon as they exited the postgenitally fused tissue (see also Orban & Bouharmont, 1995) . Growth along inner (adaxial) carpel epidermal surfaces from stigma to ovule, as occurs in Winteraceae, has been thought to reflect an ancestral angiosperm pattern of pollen tube transmission (references in Frame, 2003) . However, other Nymphaeales, and also Amborella Baill. and Austrobaileya C.T.White (Austrobaileyaceae), show a pattern much more like that of Nymphaea (Williams, 2008 (Williams, , 2009 Taylor & Williams, 2009) .
Classifications of the angiosperm transmitting tract have been reviewed recently (Endress, 1994; Erbar, 2003) , although these apply only as analogies, because of the independent origin of internal transmitting tissues in Nymphaeaceae. The simplest classification results from the observation that most transmitting tracts support pollen tube growth either (1) along a secretory epidermal surface (stigma, open stylar canal, ovary) or (2) within a subdermal layer(s) (see Erbar, 2003) . Nymphaea clearly falls in the latter category as pollen tubes grow within secretions in a multilayered subdermal tissue and then a complex zone of postgenital fusion, in which ontogeny subsequent to interlocking of carpel margins has obscured dermal surfaces. Pollen tubes did not grow along papillar cell surfaces, nor did they generally follow epidermal surfaces of the ovarian cavity, placenta or ovule. Although there are structural differences between the substigmatic and postgenitally fused portions of the transmitting tract, both are several cell layers thick. The functional result is that the growth of many pollen tubes can be supported, as would be necessary in Nymphaea with its many ovules. Multilayered internal transmitting tracts are correlated with multi-ovulate ovaries in phylogenetically derived angiosperms (Endress, 1994) .
The carpels of the nearest outgroups to Nymphaeaceae (Cabombaceae and Hydatellaceae as well as Amborellaceae, which sometimes appears as sister to Nymphaeales) differ from those of Nymphaea in two respects: all have open, secretion-filled carpels and few (1-3) ovules. In uniovulate Amborella and Trithuria Hook.f. (Hydatellaceae), few pollen tubes enter the open mouth of the stylar canal (Williams, 2009; M. L. Taylor & J. H. Williams, unpubl. data) . More pollen tubes enter the stylar canals of Brasenia schreberi and Cabomba caroliniana (Cabombaceae), but they typically circumvent the open mouth; instead they grow directly through the ground tissue of the carpel wall to reach the canal (Taylor & Williams, 2009 ). The solid portion of the transmitting tissue in Cabombaceae is not a zone of fusion, and there are no large intercellular spaces between cells (Endress, 2005) , a quite different tissue structure from the internal transmitting tissues of Nymphaea.
The postgenitally fused zone of the Nymphaea carpel comprises only a small portion of the pollentube pathway and is formed by interlocking of upper carpel margins late in carpel development (for carpel ontogeny see Troll, 1933; Endress, 2001; Schneider et al., 2003; Hu et al., 2009) . Fused tissues generally have unique properties relative to solid ground tissues (Lolle & Pruitt, 1999) and, in the case of Nymphaea, the interlocked cells within the postgenitally fused area apparently undergo divisions during the fusion process (Moseley, 1961) . Thus, pollen tubes growing in this area are not necessarily following subsumed epidermal surfaces, but grow within a weakly differentiated tissue. It is not clear whether there are differences in the composition of intercellular secretions between the substigmatic and postgenitally fused portions of the transmitting tissues of Nymphaea, but they represent quite different forms of subdermal tissue formation. The transmitting tissue of Cabombaceae, at least in terms of its developmental origin and structure, represents yet a third type of solid transmitting tissue in which pollen tubes grow.
It is tempting to conclude that pollen tube growth within a solid transmitting tissue, such as through the wall of the open carpel in Cabombaceae, originated before growth within the fused tissues of a true closed carpel, as inferred for the common ancestor of Nymphaeaceae. For the reverse to be true, one would have to infer that the open carpel of Cabombaceae represents a reversal from an ancestrally closed condition, a less likely scenario given the distribution of open carpels among early-divergent angiosperms (Endress & Doyle, 2009) . It is notable that, in Amborella, Hydatellaceae, Nymphaeaceae and Cabombaceae, pollen tubes in the final portion of the pollentube pathway have been shown to grow between cells of a 'solid' but exceptionally thin nucellar tissue (Orban & Bouharmont, 1995; Friedman, 2008; Williams, 2008 Williams, , 2009 Rudall et al., 2009; Taylor & Williams, 2009 ). More detailed studies of both pollen tube growth and carpel anatomy in these groups are needed to reconstruct the evolutionary steps leading to early forms of carpel closure and the pollen tube transmitting tract within the water lilies -a lineage that is as old as that leading to all other extant angiosperms, other than Amborella.
THE PROGAMIC PHASE AND POLLEN TUBE GROWTH RATE
The progamic phase of N. odorata lasts approximately 2.5-3.5 h (at which time pollen tubes first enter upper and lower ovules, respectively). In N. capensis pollen tubes are first seen in the ovary within 1 h and in ovules < 6 hap (Orban & Bouharmont, 1995) , whereas in other Nymphaeales pollen tubes first reach ovules from < 1 h to 6-8 h (Taylor & Williams, 2009; Williams, 2009 ; M. L. Taylor & J. H. Williams, unpubl. data) . These are among the shortest periods of pollen tube growth known in angiosperms and are shorter than those in all other early-divergent woody perennial angiosperms (Williams, 2009) . Among a broader set of angiosperms, exceedingly short progamic phases seem to be restricted to aquatic lineages, in Alismatales and Nelumbo nucifera Gaertn. (Ohga, 1937; Ackerman, 1993; Wang, Tao & Lu, 2002) .
The short progamic phases of water lilies are made possible by the acceleration of their male gametophyte development relative to that of other earlydivergent angiosperms. In N. odorata substantial pollen germination occurs within 15 min after hand pollination. Similarly short times to germination are known for other water lilies, but longer times are typical of most early-divergent woody perennial lineages (Williams, 2009) . Leading pollen tubes of N. odorata grew at average rates of approximately 1 mm/h in a diversity of media: stigmatic fluid, transmitting tissues and ovarian secretions. Pollen tube growth rates have not been reported for other species of Nymphaea; however, for N. capensis a similar rate (1.02 mm/h) can be calculated for the leading pollen tube in Orban & Bouharmont (1995: fig. 10 ; assuming 15 min for pollen germination). Average growth rates of leading pollen tubes in other Nymphaeales range from approximately 0.6-1.0 mm/h (Williams, 2008; Taylor & Williams, 2009) . These rates are comparable with those reported for many monocots and eudicots (e.g. Marshall & Diggle, 2001; Higashiyama & Inatsugi, 2006; Lee et al., 2008) , including aquatics, but are much faster than those of any early-divergent woody perennial angiosperm (Williams, 2009) .
The evolution of rapid pollen germination and pollen tube growth must involve either a shortening of the time between pollination and fertilization or a lengthening of the pollen-tube pathway without the trade-off of having to delay fertilization, or some combination of both. The pollen-tube pathway of N. capensis is c. 2-6 mm long and individual pollen tubes grow up to c. 10 mm long as a result of wandering. These distances are similar to those of other Nymphaeales, except for the minute Hydatellaceae, but are relatively short when considering pollen-tube pathways of the many phylogenetically derived angiosperms that have evolved such fast pollen tube growth rates (Williams, 2008) . Short pollen-tube pathway length is a plesiomorphic feature of flowering plants that is ubiquitous among early-divergent lineages. In fact, the repeated association of exceptionally short progamic phases and rapid pollen tube growth rates in three independent aquatic lineages (Nymphaeales, Nelumbonaceae and Alismatales) that each retained ancestrally short pollen-tube pathways is striking. It suggests that the necessity for rapid reproduction during colonization of, and/or long-term persistence in, an aquatic environment was the driving force for acceleration of male gametophyte development (Williams, 2008) . Slight lengthening of pollen-tube pathways in these lineages evolved as a consequence of the origin of fast pollen tube growth rates, rather than the other way around. In support of this conclusion, evolutionary extension of the pollentube pathway occurred in Brasenia Schreb. without causing acceleration of its pollen tube growth rates (Taylor & Williams, 2009 ).
